The Himalaya-Tibetan Highland (HTH) is highly vulnerable to climate change for multiple reasons. In this work, we present past and future changes in HTH climate, using temperature and precipitation from APHRODITE, CMIP5 and NEX-GDDP. To assess observed climate change, we analysed APHRODITE and found significant warming (up to 3°C) during all seasons but no significant change in precipitation. We validated CMIP5 and NEX-GDDP against APHRODITE and found the latter more accurate. Future climate projections under RCP8.5 using NEX-GDDP suggest widespread warming (~5-8°C) and increase in monsoon and post-monsoon precipitation (up to~50%) over HTH by the end of the twenty-first century.
Introduction
The Himalaya-Tibetan Highland (HTH) is the most extensive plateau in the world and has profound impacts on local as well as global weather and climate through thermal and mechanical forcing. It has the largest cryogenic reserve apart from the poles, replenishes several river basins of Asia and provides water to millions of people. Considering its role in energy and hydrological cycles, a proper understanding of the past and future changes in climate over this ecologically sensitive region is highly desirable for better policymaking and adaptation.
Previous studies have shown an unusual warming Chen 2000, Kang et al. 2010) , an increase in water vapour (Yang et al. 2012) , wind stilling (Lin et al. 2013) , an increase in https://doi.org/10.1007/s10584-019-02473-y Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10584-019-02473-y) contains supplementary material, which is available to authorized users. precipitation (Chen et al. 2015) , a reduction in potential evaporation (Zhang et al. 2009 ), shrinking of glaciers (Yao et al. 2004 ) and solar dimming (Niu et al. 2004 ) over the HTH in the past few decades. Considering the minimal habitat over this region, the local activities, such as deforestation and grazing, are thought to contribute little to the changes in climate and most of the studies attribute the climate change over this region to the global warming due to the increasing anthropogenic emissions of greenhouse gases and large-scale changes in circulations and atmospheric composition (Duan et al. 2006; Kang et al. 2010) . The temperatures over the HTH have been increasing at a much faster rate (0.4°C per decade) than the global surface temperatures (0.06°C per decade, IPCC, 2013). Several studies have reported evidence of elevation-dependent warming due to snow albedo and surface-based feedbacks, water vapour changes over this region (Liu and Yan, 2017 and references therein) . Precipitation is also noted to have increased over the HTH as a whole (Chen et al. 2014 (Chen et al. , 2015 , with an increase over the eastern and central and a decrease over the western HTH (Xu et al. 2008) . Taking into account the (i) sensitivity of HTH climate to global climate change and (ii) expected increase in temperature in the next few decades, the temperatures over HTH are also expected to increase in the future. Under such a scenario, the HTH will experience substantial changes in the environment (such as glacial retreat and permafrost degradation), which will disrupt the ecological balance of this region and neighbouring countries.
The General Circulation Models (GCMs) typically have relatively low spatial resolutions of around 2 degrees and thus often do not resolve sub-grid scale processes important for regional climate. In view of that, NASA has launched Earth Exchange Global Daily Downscaled Projections (NEX-GDDP) bias-corrected data, which provides statistically downscaled highresolution precipitation and temperatures over the entire globe. In this paper, the observed changes in HTH climate are examined using APHRODITE data (Section 3). The NEX-GDDP multimodel mean (MMM) is validated using APHRODITE observations (Section 4), and the advantage of this product over CMIP5 is examined for the HTH. Finally, the HTH climate is projected for the RCP 8.5 scenario (Section 5).
Datasets
The observed daily surface air temperature and precipitation at 0.25°resolution are taken from APHRODITE for 1961 -2007 (Yatagai et al. 2012 Yasutomi et al. 2011) . The historical simulations from 21 CMIP5 models (Taylor et al. 2012 (Taylor et al. ) are used for 1975 (Taylor et al. -2005 (Table S1 of supplementary material). The NEX-GDDP daily data from the same 21 CMIP5 models are used for 1975-2005 (historical) and 2006-2099 (RCP 8.5 scenario) (Thrasher et al. 2012) . The HTH boundaries are defined by using geopotential height at 805 hPa level for 24-45°N and 71-106°E. More details on data and methods are provided in Supplementary Material.
Past climate change
The climatological mean temperatures (°C) for December-February (winters), March-May (spring), June-August (summer/monsoon) and September-November (autumn) from APHRODITE observations are shown ( Fig. 1a-d ) over the HTH. The minimum temperatures occur during winters, whereas the maximum temperatures occur during summers. The temperatures over the northwest HTH are relatively lower than the southeast HTH throughout the year. The temperatures are relatively higher over the periphery of the HTH, where the surface elevations are low. The trends in temperature from 1961 to 2007 are plotted in Fig. 1 (e-h) and the spatial mean of the trend is also mentioned in each panel. The trends show significant (stippled) warming (~0.1-1°C per decade) over almost the entire HTH, except the southeast HTH where significant cooling of 0.6-0.8°C per decade is observed. The warming during winters is more pronounced than the other seasons as also shown previously by Liu and Chen (2000) , Kang et al. (2010) and You et al. (2010 You et al. ( , 2016 . One potential reason for this could be the stronger snow albedo feedback during winters as compared to the other seasons. A certain degree increase in temperatures during winters will have a more significant influence on snow/ice content and extent as compared to the same amount of warming during summers, and therefore the snow/ice albedo feedback could be stronger during winter. However, this aspect needs to be examined in detail using targeted numerical experiments and snow cover observations.
To check the consistency in temperature trends, two isolated regions over the HTH -one with significant warming and another with significant cooling (red boxes in Fig. 1e-h ) -are selected. Note that the location of the boxes is shifted to cover the region where the area-average trend values are maximum. The 11-year running mean time series (solid line) of area average temperatures for the two boxes are shown ( Fig. 1i-l) . The area average trends over the two red boxes are also provided in Fig. 1i -l. Over the regions of significant warming (shown by red boxes), a consistent increase in temperature is noted for all four seasons (green lines). Besides the shown warming boxes, the time series is also examined for another box and similar results were noted (figures not shown). Over the region of significant cooling, the temperature trends are relatively less consistent in time and appear to be modulated by long-term oscillation (brown lines). Over the southeast HTH, significant cooling is noted from the 1970s to 1990s, followed by warming from 1990 onwards.
The climatological mean precipitation (mm day −1 ) from APHRODITE is shown in Fig. 1(m-p) and trends are shown in Fig. 1(q-t) . Most of the precipitation occurs during summers (which is the local monsoon period over this region) whereas the winters are relatively dry. The southern HTH is generally wetter than the rest of the HTH during all seasons. As compared to the temperature trends, the precipitation trends (i) show larger spatial variations, (ii) their spatial distribution is not similar and consistent for all four seasons and (iii) the trends are significant only over isolated regions of HTH. The monsoon precipitation is noted to increase significantly over parts of northern and central HTH but reduce over the Himalayan foothills and eastern HTH. Time series over two isolated regions are plotted (Fig.  1u-x) . Over the region of increasing precipitation, the trends are consistent in time for all seasons except spring (green lines), whereas over the region of decreasing precipitation, the trends are consistent for winters and autumn (brown lines). Note that the APHRODITE is a station-based product and most of the meteorological stations lie over the southern and southeastern HTH (Fig. 1 of Yatagai et al. 2012) . The large inter-annual variations over the eastern HTH are likely to represent the realistic variations in temperature and precipitation, whereas over the western HTH it could also be because of the inaccuracies in observations due to the interpolation.
Advantage of NEX-GDDP over CMIP5
The NEX-GDDP MMM temperature and precipitation are validated using APHRODITE observations and also compared with the CMIP5 MMM. The climatological seasonal mean temperature and precipitation from APHRODITE, CMIP5 and NEX-GDDP MMM (Table S1 ) for all four seasons are shown in Fig. 2 . The CMIP5 models simulate the over-simplified distribution of temperature over the HTH and overlook most of the regional changes in temperatures, whereas the NEX-GDDP dataset captures the temperature distribution realistically for all four seasons. The CMIP5 MMM (Fig. 2q-t) shows relatively more precipitation than observed for all seasons over most regions, thereby suggesting that most of the GCMs have an overall wet bias over the HTH. This large wet bias over the southern HTH in the CMIP5 models could be due to the poor representation of topography leading to more transport of the moisture into the HTH or could also be because of the poor representation of the physical processes in the model over this region (Jain et al. 2019) . The CMIP5 models simulate the large-scale distribution of monsoon precipitation with large wet bias; however, during other seasons, the CMIP5 MMM does not capture even large-scale patterns. For instance, during SON, the Himalayan foothills are dry in observations, whereas the CMIP5 MMM shows high precipitation over this region. The NEX-GDDP dataset shows a large improvement for all seasons, for both magnitude and distribution. For both temperature and precipitation, the NEX-GDDP MMM is much closer to the observations than the CMIP5 MMM. seasonal mean surface air temperatures (°C) (top 3 rows) and precipitation (bottom 3 rows) from APHRODITE, CMIP5 multimodel mean and NEX-GDDP multimodel mean for the four seasons 5 Future projections using NEX-GDDP The temperature trends for 2006-2099 (RCP 8.5 scenario) using NEX-GDDP data are shown (Fig. 3a-d) . Significant warming of~0.5-0.8°C per decade is expected to occur, and by the end of the twenty-first century, significant warming of~5-8°C is projected to occur over the entire HTH. The maximum warming is noted over the southern and central HTH during winter and spring, whereas it is expected to occur over the western and central HTH during summer and autumn. The temperature time series (11-year running mean) from 2006 to 2099 over the isolated regions of the HTH (shown by black rectangles) show a consistent increase from 2006 until the end of the twenty-first century for all four seasons, with temperatures rising by almost 6-7°C over the selected isolated regions (Fig. 3) .
The future trends in precipitation under RCP 8.5 scenarios are shown in Fig. 3 (i-l) . The monsoon precipitation is expected to increase significantly over almost the entire HTH region, whereas for other seasons significant increase in precipitation is expected over the limited parts of the HTH. Also, the increase in monsoon precipitation is much larger than the other seasons. Our results show that the monsoon and post-monsoon (autumn) precipitation is expected to increase by~50-60% of their respective present values over the southern HTH by the end of this century (Fig. 3m-p) . Note that although the increase in precipitation is expected over most parts of HTH, the spatial distribution remains similar to the present climatology for all seasons. Observations from APHRODITE show that the HTH region has undergone significant warming (~3-4°C) during 1961-2007. The warming is more widespread and severe in fall and winter than in summer and spring. The warming is spatially heterogeneous, and an unusual localised but considerable cooling (~2°C from 1961 to 2007) has occurred over the southeast HTH. The precipitation has changed marginally with insignificant changes over most of the HTH. The monsoon precipitation has decreased over the southern parts (wet parts) and increased over northern parts (dry parts) of the HTH, which could adversely affect the surrounding regions by influencing their regional climate and water supply, and hence there is a need for reliable future projections of the HTH climate.
Because of its complex terrains, the topography is poorly represented in GCMs at the typical resolutions, and CMIP5 models are suspected of performing unsatisfactorily over this region. Recently, NASA has launched a statistically downscaled bias corrected dataset called NEX-GDDP at quarter degree spatial resolution. We validated CMIP5 and NEX-GDDP MMM over the HTH for 1975-2005 using the observations from APHRODITE and found that NEX-GDDP is quite realistic and captures the regional distribution of both temperature and precipitation, which was poorly captured by the CMIP5 MMM. Subsequently, the future projections for the twenty-first century are provided using NEX-GDDP data based on the fact that the NEX-GDDP better simulates the mean climate than CMIP5; however, it is notable that it may not be better in simulating the trends as the bias correction method does not take the trend into account (see Supplementary Material). Fossil fuel burning at the business-as-usual rate (IPCC RCP8.5 scenario) could lead to significant warming over the entire HTH throughout the year accompanied by a considerable increase in precipitation over most parts. By the end of the twenty-first century, wide spread warming of~5-8°C over the HTH is projected. Wu et al. (2017) also projected warming of~3.4-5°C over the Himalayan foothills and greater than 5°C over the entire Tibetan Plateau for 2066-2095 as compared to the base period of 1976-2005 (RCP 8.5 scenario) using 21 CMIP5 models. The magnitude of regional scale warming as projected by NEX-GDDP for the same scenario appears to be relatively higher by~0.5-1.5°C as compared to Wu et al. (2017) . Over the southern HTH, monsoon and post-monsoon precipitation may increase by 50% of its present values by the end of the twenty-first century. This result is also consistent with Chen and Frauenfeld (2014) , who have shown an increase in monsoonal precipitation, particularly over the southern HTH, by the end of the twenty-first century using the CMIP5 MMM. This increment in precipitation could be because of the increase in moisture due to global warming or changes in large-scale atmospheric circulation leading to more convergence and higher precipitation over the southern HTH (Dash et al. 2015) . This study confirms that the HTH region is susceptible to global climate change, and it highlights the need for adequate adaptation strategies over this and neighbouring regions.
